ABSTRACT. The role of lactate as an energy substrate in fetal (0.9 gestation) and newborn (2 day old) hearts was investigated in isolated, perfused hearts. Perfusions were performed with Krebs-Henseleit buffer supplemented with , glucose (5 mM) in combination with ~ar~in~concentrations of lactate. Isolated working heart ~erfusions. in which the u heart ejects the buffer at controlled pressure, were carried out with glucose (5 mM) alone and with glucose (5 mM) and lactate (5 mM) combined. With glucose as sole substrate, lactate was produced by the heart and glucose uptake accounted for approximately two-thirds of oxygen consumption. When both glucose and lactate were provided, lactate accounted for more than 80% of oxygen consumption and profoundly suppressed glucose uptake. ~urther-investigations using retrograde perfusion through the aorta demonstrated that lactate uptake was consistently observed when exogenous lactate concentrations exceeded 1.25 mM. Glucose uptake was suppressed with lactate concentrations as low as 0.5 mM and progressive suppression occurred with increasing lactate concentrations. Fetal and newborn pig hearts utilize lactate as a primary substrate for energy production when lactate concentrations are in the physiological range. (Pediatr Res 22: 552-556, 1987) Abbreviations ATP, adenosine triphosphate 'BSA, bovine serum albumin CP, creatine phosphate CVO, combined ventricular output ip, intraperitoneal PCA, perchloric acid lactate uptake by the fetal heart is sufficient to account for most of oxygen consumption by that organ (5).
lactate uptake by the fetal heart is sufficient to account for most of oxygen consumption by that organ (5) .
In previous studies using isolated, working perfused hearts, exogenous lactate and pyruvate uptake by newborn (<2 days old) pig hearts was sufficient to account for all of the oxygen consumption observed when these were the sole substrates provided (9) . In contrast, glucose uptake was not adequate to account for all of oxygen consumption, even when provided as the sole exogenous substrate (10) . Fatty acid uptake in the same model was reduced in fetal (0.9 gestation) as compared to newborn (2 day old) hearts (1 0, I I).
The objective herein was to characterize the interactions of glucose and lactate as energy substrates in late fetal and newborn hearts.
MATERIALS AND METHODS

Animals. Fetal (0.9 gestation) and neonatal piglets (2 days old)
were obtained from local breeders. Pregnant sows or neonatal piglets were delivered to the animal facility. Subsequently, fetal piglets were delivered from sows by hysterotomy and handled as previously described ( 1 I). Fetal piglets were used within 4 h of hysterotomy, while neonatal piglets were used within 8 h of receipt.
Perfusions. Hearts were removed quickly, chilled in a saline ice bath, and suspended in a perfusion system designed to study metabolism in isolated piglet hearts as previously described in detail (9) . Briefly, fetal or newborn pigs were heparinized (Na heparin, 40 mg/kg body weight ip) and anesthetized (Na pentobarbital, 40 mg/kg body weight ip). Hearts were then removed and briefly perfused via the aorta with a defined medium (KrebsHenseleit bicarbonate buffer, pH 7.4, supplemented with 5 mM glucose and 0.5% BSA) in a retrograde manner.
-Recirculating perfusions were then conducted at 39" C for 30-60 min with substrates as indicated in Figures 1-4 and Table 1 . In hearts perfused under working conditions, buffer was infused There is extensive evidence to indicate that the primary sources into the right atrium via the inferior vena cava and was ejected of metabolic energy in the mature heart are fatty acids (1-3). by both ventricles of the heart at controlled pressure (mean Fatty acids are known to become available to the immature heart arterial pressure = 55 mm Hg) as has been extensively described shortly after birth due to mobilization of body stores (4) . In the in previous reports (9-1 1); cardiac outputs were measured by fetal circulation, however, fatty acids are present only in small briefly allowing flow from the heart to enter a graduated cylinder. amounts (5, 6) . Therefore, it has been assumed that glucose must Retrograde perfusions were performed with cannulation of both provide the primary source of metabolic energy for the fetal the aorta and pulmonary artery in order to provide a work load heart, since fetal, as opposed to adult, tissues areipresumed to be for both the right and left ventricles. Perfusion pressure was relatively dependent on anaerobic metabolism. Nevertheless, maintalned at 60 mm Hg. there is evidence of net lactate uptake by fetuses as a whole (7, Oxygenation was provided for working and retrograde perfu-8); the placenta is a rich source of lactate even under aerobic sion by continuously bubbling buffer with a mixture of 95% conditions (8) . Moreover, one study in intact sheep suggests that 0 2 5 % COz. Insulin (100 pU/ml) was also included during all perfusions. Aliquots of perfusion buffer were removed at 5-to and l a c t a t e (5mM) SUBSTRATES Fig. 1 . Glucose uptake by working, perfused fetal and newborn hearts. These data reflect net rates of 3H20 accumulated in perfusion buffer from myocardial uptake of D-[2-3H]glucose as determined by linear regression. *p < 0.05 compared to perfusion with glucose alone. tp < 0.05 compared to fetal hearts under the same conditions. trations over the perfusion period. Positive lactate uptake denotes net reduction in buffer lactate concentrations throughout perfusions. *p < 0.01 compared to perfusion with glucose alone. tp < 0.05 compared to fetal hearts under the same conditions.
SUBSTRATES
Oxygen consumptions by retrograde-perfused hearts (1 3.4 + 1.2 Fmol/min/g dry heart, n = 13) were lower than those of hearts perfused under working conditions, since energy requirements are greater to eject fluid in a n antegrade (working) fashion. The correlation between lactate concentration and lactate utilization is nevertheless readily apparent. Hearts perfused under working conditions with 5 m M lactate and 5 m M glucose accentuate this relationship, demonstrating that the increased energy needs of working perfusion were supported by increased lactate, rather than glucose, utilization (Fig. 3) .
When glucose was supplied as the sole exogenous substrate to fetal or newborn hearts, utilization of exogenous glucose, when corrected for lactate production, accounted for only 60-75% of total oxygen consumption (Fig. 4) . When lactate was present in the buffer, its uptake could account for up to 90% of oxygen consumption, even in the presence of physiological concentrations of glucose and a high concentration of insulin. glucose as the sole substrate (1 7.4 + 1.0 gmol/g/min), but this difference does not achieve statistical significance. The patterns of oxygen and substrate utilization were very similar between fetal and newborn animals ( Table I) .
DISCUSSION
The findings herein suggest that lactate is a prime source of metabolic energy for the fetal heart. Newborn and late fetal pig hearts are capable of utilizing lactate in quantities sufficient to account for the majority of oxygen consumption when lactate and glucose are provided at physiological concentrations. Net uptake of lactate by the immature pig heart was observed throughout the physiological range. In addition, when lactate was supplied in the perfusion medium with glucose at concentrations characteristically seen in fetal plasma, glucose uptake was markedly suppressed. Moreover, glucose uptake, when corrected for lactate production, was not suficient to account for all of metabolic energy requirements, even when glucose was provided as sole substrate in the presence of insulin. Many of these findings contrast with the traditional impression that the energy needs of the fetal heart are met using glucose as the critical substrate (I 9).
A previous study ( 10) of lactate uptake using isolated, perfused working newborn pig hearts indicated that myocardial oxidation could be supported with lactate as the sole substrate. However, in that study, lactate concentrations (20 mM) exceeded physiological concentrations and glucose was not present. The present observations indicate that extensive lactate utilization by fetal and newborn hearts occurs at concentrations approximating those seen under physiological conditions. An extensive capacity to utilize lactate as an energy substrate has been observed previously in studies of myocardial oxygen consumption and substrate utilization in intact fetal lambs in utero. These studies disclosed a large net uptake of lactate sufficient to account for the majority of fetal oxygen demands (5) , even under mildly hypoxemic conditions (20) . The extensive oxidative capacity of fetal myocardium is also supported by experiments on fetal rabbit and lamb hearts which indicate that, although oxidation of some fatty substrates is reduced in fetal heart mitochondria, oxidation of most substrates during late gestation equal or exceed that observed in mitochondria isolated from adult hearts (2 1, 22).
Previous studies using various models, including perfused hearts, have effectively demonstrated an increased tolerance for hypoxia and enhanced glycolytic capacity in fetal hearts (12) . The observation that lactate production was slightly greater in fetal as compared to newborn hearts (Fig. 2) when no exogenous lactate was provided may be consistent with an enhanced capacity for glycolysis in fetal hearts. The previous studies, however, were not designed to investigate the role of glycolysis in the immature heart under conditions of adequate oxygenation and physiological work, nor did they investigate the capacity of these hearts to oxidize lactate when available in concentrations encountered in the circulation during life. The present findings suggest that glycolysis is not markedly increased in fetal hearts supporting a normal workload with adequate oxygenation.
The preference of the adult myocardium for lactate and pyruvate over glucose has long been recognized (23) . The data reported herein demonstrate a similar preference for 3-carbon carbohydrates in late fetal and newborn hearts. While some studies in late fetal animals have shown a pattern of lactate dehydrogenase isoenzymes favoring anaerobic glycolysis (24) , and a diminished capacity to transport reducing equivalents across the inner mitochondria1 membrane (25) , the findings of this study indicate that these enzyme systems are well-developed and functional in the late fetal pig heart and function in a manner similar to the adult.
The exact mechanism by which lactate suppresses glucose utilization in the hearts of either adult or immature hearts was not determined in this investigation. In contrast to the liver or kidney, the heart does not possess a significant capacity for gluconeogenesis (19) . so glucose is not preserved through its synthesis. Since lactate is not known to directly alter membrane permeability to glucose and did not appear to significantly stimulate glycogen synthesis, the most important mechanism by which lactate alters glucose utilization appears to be by suppressing glycolysis through inhibition of phosphofructokinase. Phosphofructokinase is a complex allosteric enzyme subject to a variety of modulating influences, including pH, ATP, and citrate (26) . Relatively recently, fructose 2,6-bisphosphate was shown to be a potentially important regulator of glycolysis through stimulation of phosphofructokinase activity (27) . This stimulation was greater in fetal than adult hearts, perhaps as a result of isoenzyme switching which occurs during the perinatal period. Moreover, the fetal enzyme remained active at higher ATP concentrations (26) . These differences could affect the degree of inhibition of glucose utilization in the presence of lactate. Phosphofructokinase isoenzyme switching and the impact of lactate on phosphofructokinase regulation in pig myocardium will be an important object of future studies.
Several reports describe a variety of conditions in which tissues produce significant quantities of lactate under fully aerobic conditions (7, 10, 28) . This is thought to represent an important mechanism by which different tissues share a carbon source for ready oxidation. This mechanism has been termed the "lactate shuttle" (28) . The data reported herein, and by others, regarding lactate utilization by some fetal organs and by the fetus as a whole (7) may represent another important example of this phenomenon. The placenta, and perhaps other organ systems, might act as a source of lactate, a readily utilized source of metabolic energy, for tissues, such as the heart and brain, with large and critical energy requirements The importance of lactate as an energy source in the brain has been shown in recent studies using brain slices from newborn rats. Compared to glucose and 3-hydroxybutyrate, lactate utilization was exaggerated when lactate was present in physiological concentrations (18) . Lactate may also be important to the synthetic activities of the fetus, as indicated by recent studies of fetal calf perirenal adipose tissue which show that lactate is a major substrate for fatty acid synthesis (29) .
In summary, the primary sources of metabolic energy in the adult heart are fatty acids. However, fatty acids are available in only very limited quantities in fetal plasma and fatty acid oxidation is very low in fetal tissues. Lactate, on the other hand, is present in higher concentrations in fetal than in adult plasma, and recently has been observed to be generated by the placenta (7) . This report supports increasing evidence that the fetal heart in late gestation is not glycolysis-dependent under routine physiological conditions. Lactate, in fact, may be a primary energy substrate in the fetal heart, in a manner analogous to fatty acids in the mature heart, in supplying metabolic energy to this organ.
